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Abstract

Regulated exocytosis allows the timely delivery of proteins and other macromolecules precisely
when they are needed to fulfill their functions. The intracellular parasite Toxoplasma gondii has
one of the most extensive regulated exocytic systems among all unicellular organisms, yet the
basis of protein trafficking and proteolytic modification in this system is poorly understood. We
demonstrate that a parasite cathepsin protease, TgCPL, occupies a newly recognized vacuolar
compartment (VAC) that undergoes dynamic fragmentation during T. gondii replication. We also
provide evidence that within the VAC or late endosome this protease mediates the proteolytic
maturation of proproteins targeted to micronemes, regulated secretory organelles that deliver
adhesive proteins to the parasite surface during cell invasion. Our findings suggest that processing
of microneme precursors occurs within intermediate endocytic compartments within the exocytic
system, indicating an extensive convergence of the endocytic and exocytic pathways in this human
parasite.
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Introduction

Proteins destined for regulated exocytosis navigate through complex intramembranous
pathways prior to their release from the cell. Such pathways employ mechanisms for protein
sorting, vesicle budding, processing of secretory protein precursors (termed proteolytic
maturation), and stimulus-dependent membrane fusion. Several models have been proposed
for the main branch point where proteins are segregated for exocytosis. The conventional
model proposes that the trans-Golgi network (TGN) is the principal sorting station where
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targeting signals are recognized by cargo receptors that steer proteins toward the regulated
pathway (reviewed in Gu et al., 2001). However, two more recent models hypothesize that
additional sorting can occur within post-Golgi compartments. The first post-Golgi sorting
model postulates that immature secretory granules emerge from the TGN carrying
incompletely segregated populations of secretory proteins and that stowaway proteins are
thereafter removed in clathrin-coated vesicles (reviewed in Molinete et al., 2000; Schrader,
2004). The second post-Golgi model proposes that sorting of some proteins takes place in
endosomal compartments located distal to the TGN (reviewed in Rodriguez-Boulan et al.,
2005; Stow et al., 2009). These models are not mutually exclusive since sorting can occur at
multiple sites within any one cell type.

Toxoplasma gondii is a genetically tractable protozoan that is considered a model for
intracellular parasitism. For cell invasion and intracellular survival, Toxoplasma tachyzoites
(the stage responsible for acute infection) critically rely on the sequential regulated
discharge from distinct specialized secretory organelles called micronemes, rhoptries, and
dense granules (see Fig. 1B for an illustration of the parasite). These organelles supply
proteins necessary for parasite apical attachment, formation of a tight binding zone (moving
junction), and remodeling of the parasitophorous vacuole in which the parasite replicates
(Reviewed in Carruthers et al., 2007; Sinai,2008). Although it is well established that the
exocytic system of T. gondii and other apicomplexan parasites is highly polarized with
secretion occurring from the apical region, precisely what path(s) secretory proteins use to
reach the distinct apical secretory organelles remains poorly defined. The endocytic system
of Toxoplasma gondii is also poorly characterized, principally because of the lack of known
endocytic ligands and membrane associated-surface receptors, and the inaccessibility of the
parasite to endocytic tracers when it is replicating intracellularly. Nonetheless, several
studies suggest that the endosomal system of T. gondii is used for both macromolecule
uptake and trafficking of invasion proteins to micronemes and rhoptries. For example, fluid
phase and membrane endocytic tracers are internalized into putative endosomal
compartments of a small subset of isolated parasites indicating that endocytosis occurs at
least to some extent under extracellular conditions (Nichols et al., 1994;Botero-Kleiven et
al., 2001). Also, over-expression of a constitutively active TgRab5 associated with early
endosomes (EE) increases cholesterol acquisition from the host, implying a role in uptake
(Robibaro et al., 2002). For exocytic protein trafficking, tyrosine-based endosomal sorting
signals (YXXf, where X is any aa and f is bulky hydrophobic aa) and associated adaptor
complexes facilitate trafficking from a “pre-rhoptry” compartment to mature rhoptries and
from an unidentified post-Golgi compartment to micronemes (Hoppe et al., 2000b).
Similarly, a dileucine (LL) motif is thought to aid TgJROP2 protein transfer from a endocytic
compartment to the mature rhoptries (Ngo et al., 2003;Yang et al., 2004). Several studies
have shown that additional sorting signals are contained with the cleavable propeptides of at
least four microneme proteins (TgM2AP, TgMIC3, TgMIC5 and TgSUBL1; Harper et al.,
2006;Binder et al., 2008;Brydges et al., 2008;El Hajj et al., 2008) and one rhoptry protein
(TgROP1,; Bradley et al., 2001). Finally, antibodies to the propeptides of TJM2AP and
TgMIC5 label a vesicular structure termed the “VP1 compartment’ positioned near the TGN
and EE, but also extending further toward the apical end of the parasite (Harper et al.,
2006;Brydges et al., 2008). These findings imply that proteolytic maturation of apical
invasion proteins in T. gondii occurs within the endosomal system prior to or coincident
with packaging into the secretory organelles. Nonetheless, little is known about the
properties of T. gondii endocytic compartments or precisely how apical invasion proteins are
processed and sorted to their final destination within the parasite.

The most widely described roles for proteolytic maturation of proproteins are to modulate
protein activity or enhance protein association for packaging into regulated secretory
granules. These themes appear to also occur in T. gondii. For example, proteolytic
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maturation of the adhesive protein TgMIC3 unmasks the receptor binding activity of its
lectin-like domain, which is required for normal parasite virulence (Cerede et al., 2002).
Also, a maturation resistant mutant of TgM2AP failed to remain stably associated with the
adhesive protein TgMIC2, and as a consequence these proteins are secreted inefficiently and
the parasite is less invasive (Harper et al., 2006). Given the key sorting and regulatory
functions of propeptides, the identification and characterization of the proteolytic maturases
responsible for propeptide cleavage may open novel avenues for disrupting secretory protein
function.

Herein we show that a parasite cathepsin L-like protease, TJCPL, resides within a
previously unrecognized organelle that might be the parasite's equivalent of a lysosome or
lytic vacuole. Moreover, we provide evidence that TgCPL is a maturase for at least two
micronemal precursor proteins within the T. gondii exocytic pathway. Our findings further
support the notions that the exocytic and endocytic pathways in Toxoplasma gondii are
closely intertwined and that a classically degradative lysosomal protease can function in the
limited proteolysis of secretory proteins.

TgCPL occupies a discrete apical compartment

TgCPL is a cathepsin L protease related to Plasmodium falciparum falcipains, which are
best known for their role in hemoglobin digestion during replication in erythrocytes. The
precursor form of TgCPL is predicted to be a type 1l membrane protein based on the
presence of a signal anchor domain (Fig. S1), and the mature form contains the key catalytic
residues, consistent with it having proteolytic activity (Huang et al., 2009; Larson et al.,
2009). While TgCPL has been recently reported to occupy an apical compartment (Huang et
al., 2009; Larson et al., 2009), the precise nature of this compartment or its relationship to
other apical structures has not been investigated. To determine if TgCPL is associated with
the parasite endocytic and/or exocytic system, we examined its subcellular distribution
compared to other established markers within tachyzoites using specific antibodies to
TgCPL (Fig. S1). In extracellular and newly invaded parasites, TJCPL displayed a discrete
pattern that was typically confined to one or two structures within the apical region (Fig.
1Ai-ii). The structure was occasionally seen posterior to the nucleus but only in a minority
of parasites (<10%), and it was often visible as a vacuole-like structure by phase contrast
microscopy (data not shown). Intracellular replicating parasites often showed a greater
number of smaller labeled structures distributed throughout the cytoplasm (Fig. 1Aiii).
TgCPL was typically located near but distinct from the apical rhoptries and pre-rhoptries
(Fig. 1B) (Carey et al., 2004). TgCPL localization was also distinct from the recently
described cytoplasmic aggregate of dynamin related protein B (DrpB) (Breinich et al.,
2009). Some colocalization of TgCPL was seen with the micronemal protein TJAMAL,
indicating a possible link to the microneme pathway. The TgCPL-associated structure was
often positioned anterior to the parasite's single Golgi apparatus, and in close juxtaposition
to the apicoplast (a remnant plastid seen in most apicomplexan parasites). Interestingly,
TgCPL was also located near the EE marker TgRab51 (Robibaro et al., 2002). Together
these findings suggest that TJCPL defines a unique structure that is distinct from other
apical organelles, but one that seems affiliated with the microneme exocytic pathway and
the endosomal system. Moreover, TgCPL is localized in a similar structure in the bradyzoite
stage (Fig. S2A), a slow growing developmental form of the parasite responsible for chronic
infection. Because of its unique properties and appearance, we termed this structure the
vacuolar compartment or VAC.
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The VAC is juxtaposed to the late endosomes

To better characterize the relationship of the VAC with the endosomal system of T. gondii,
we next performed immunolocalization studies in intracellular tachyzoites transiently
transfected with a plasmid expressing an epitope tagged copy of T. gondii Rab7 homologue
(TgRab7). In other eukaryotes Rab7 is principally associated with late endosomes (LE)
where it regulates vesicular traffic to the lysosome or vacuole (Mullock et al., 1998). T.
gondii expresses a single Rab7 (TGME49_048880, www.toxodb.org) that is homologous to
Rab7 proteins from other eukaryotes and has the functionally important regions of a small
GTP-binding protein, including the effector binding region, four GTP-binding/hydrolysis
regions, and C-terminal Cys residues for membrane association via prenylation, (Fig. S3).

Figure 2A (upper panels) shows that TgRab7HA is associated with vesicles positioned
anterior to the parasite nucleus and adjacent to the VAC with small areas of partial overlap.
To further extend the characterization of this putative LE we performed dual
immunolocalization studies with proTgM2AP and the vacuolar proton pump TgVP1, which
have been described to co-localized within a post-Golgi structure termed the ‘TgVP1
compartment” (Harper et al., 2006). Figure 2A (middle and lower panels) shows that
TgRab7 co-localized extensively with proTgM2AP and TgVP1, albeit with non-identical
distributions therein, indicating the presence of substructures or microdomains, a common
feature for eukaryotic LE compartments (Pfeffer,2001; Wilkin et al., 2004; Sobo et al.,
2007). These findings suggest that the “VP1 compartment’ where microneme precursor
proteins reside prior to proteolytic maturation is part of the endosomal system and is likely a
LE.

Since TgCPL is most easily visualized in extracellular parasites but HA-TgRab7 expression
was not well tolerated therein, we used TgVP1 as a surrogate marker of the LE to further
investigate its spatial relationship with the VAC. As mention above, TgVP1 is a member of
the vacuolar proton pump family that derives energy from the hydrolysis of inorganic
pyrophosphate to acidify intracellular compartments including digestive (Zhen et al., 1994)
or contractile vacuoles (Montalvetti et al., 2004), acidocalcisomes (Montalvetti et al., 2004),
or the trans-Golgi network (Mitsuda et al., 2001). Most parasites (~80%) showed a single
apical VAC with some TgVP1 concentrated around the periphery of and adjacent to the
organelle (Figure 2B upper two panels). In the remainder of the parasites, the VAC and LE
were spatially distinct but each often contained small amounts of the reciprocal marker
(Figure 2B lower two panels). Miranda et. al. (accompanying article) show that the VAC
also labels with antibodies to TgVP1 and other novel markers.

Ultrastructural analysis of the VAC

Labeling of ultrathin cryosections with anti-TgCPL immunogold showed that the VAC is a
large electron lucent structure that resembles a vacuole. The VAC often contained internal
vesicles (Fig 3A, A’, A”) and electron dense material lining its periphery (Fig. 3B), both of
which were labeled with TgCPL antibodies. TQCPL (~5% of the particles) was also seen in
small electron dense structures, possible transport vesicles, throughout the cytoplasm and
adjacent to the VAC (Fig. 3A-D). Densely labeled invaginations within the VAC were also
observed (Fig. 3C-C’) in addition to outward deformations (Fig. 3D) and tubules (Fig. 3E),
illustrating the apparent dynamic nature of the structure and possible conduits to other
endosomal structures. Collectively, these observations suggest that the VAC is a dynamic
low-density organelle with internal and external vesicles and tubules.

The VAC fragments during parasite intracellular replication

The marked difference in the distribution of TQCPL in extracellular versus intracellular
replicating parasites prompted us to examine the basis of this change. Because attempts to
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visualize the VAC using TgCPL fused to fluorescent proteins were unsuccessful due to
mistargeting and proteolysis of the reporter, we instead examined TgCPL localization by
immunoflorescence in fixed parasites at different times post-invasion. T. gondii replicates by
endodyogeny, a process in which two daughter parasites develop within a mother cell.
Progression through the cell cycle was assessed using parasites expressing EGFP-Centrin2
(Hu et al., 2006), a marker of the centrosome that permits recognition of parasites in G1
(single centrosome, anterior in early G1, lateral while migrating to the posterior of the
nucleus in late G1), S phase (dual closely-juxtaposed centrosomes, variable position as they
migrate back to the anterior), and mitosis (dual separating centrosomes, bilobed nucleus).
Parasites undergoing mitosis or cytokinesis were also visualized by staining the inner
membrane complex (IMC), which demarcates daughter parasites (Mann et al., 2001). The
series of images in Figure 4 shows that the VAC undergoes marked morphological changes
during endodyogeny. Early in G1 (0-2 h post-invasion; Fig. 4A, A’), the VAC is small,
round and usually located anterior to the nucleus. This is similar to extracellular parasites
except that a greater percentage of G1 parasites showed more than one VAC. Later in G1
(2-4 h post-invasion; Fig. 4B-D), the TgCPL staining pattern adopts an enlarged ring shape
or is concentrated in patches at the periphery of the VAC, and the volume of the
compartment appears to increase. In S phase (4-6 h post-invasion Fig. 4E, F, F’),
tubulovesicular structures extend from the VAC following duplication of the apicoplast and
expansion of the mother cell. During mitosis (~7 h post-invasion; Fig. 4G-J) when daughter
cells begin to form, the VAC seems to fragment into multiple smaller structures. This stage
is also characterized by the apparent migration of these smaller structures toward the
posterior end of the mother as nuclear division proceeds (Fig. 4J°). Finally, during
cytokinesis (7-8 h post-invasion; Fig. 4K, L) when mitosis is complete and the daughter
cells are budding from the mother, TgCPL is usually associated with a single structure in the
apical end of each daughter cell and in some cases with the residual body located at the
posterior end of the mother cell (Fig. 4K”). Quantification of the TgCPL staining patterns
during parasite replication (Fig. 4M) shows the apparent progression of the VAC from a
small round structure that enlarges and fragments before being seen again often as a single
structure within daughter parasites or the residual body. Analysis of TgCPL and TgVP1
distribution during parasite cell division indicates that the VAC and LE remain distinct but
often closely associated through each phase of the cell cycle (Fig. S4) and that the LE
elongates before being partitioned into the daughter cells (Fig. S5) in a manner similar to the
Golgi (Pelletier et al., 2002).

T. gondii cathepsin cleavage subsite specificity is consistent with processing of several

proMICs

With the finding that TgCPL is associated with the endocytic system and possibly the
microneme pathway, we reasoned that it is in a suitable position to act as a maturase for
proMICs, which have been proposed to undergo maturation within the endocytic system
(Harper et al., 2006; Brydges et al., 2008; El Hajj et al., 2008). To initially test this we used
two approaches to determine whether the cleavage site specificity of TgCPL is consistent
with the known cleavage sites of proMICs. First, we used rTgCPL to screen a peptide
substrate library to determine its cleavage site preferences. Recombinant TgCPL displayed a
strong preference for substrates with a non-polar residue (Val or Leu) or aromatic residue
(Phe, Trp, or Tyr) in the P2 position (i.e., the second residue N-terminal to the cleavage site)
(Fig. 5A), which is the dominant recognition site for C1 family cathepsins (Barrett, 1981;
Turk et al., 1997). Variable preferences were seen for the P3 position. Comparison with
human cathepsin L (Gosalia et al., 2005) revealed that, despite organism differences, the
fundamental P2 and P3 substrate preferences are remarkably similar, likely reflecting the
conventional active site architecture of TgCPL (Huang et al., 2009; Larson et al., 2009). For
further comparison we also tested rTgCPB, which showed preferences similar to rTgCPL
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except that it can accept additional non-polar or polar uncharged residues such as Ser, Met,
and Thr in the P2 position and it has a marked preference for Pro in the P3 position (Fig.
5B).

Second, we performed N-terminal microsequencing of rTgCPL after autoactivation from
r100proTgCPL (Fig. S6) to define its self-cleavage specificity. This showed that
autocleavage occurs at two sites (L198 and N199), both displaying a hydrophobic residue
(Leu) in the P2 position (Fig. 5C). Interestingly, propeptide cleavage sites for several
proMICs resemble one another and also display a hydrophobic residue in the P2 position
including most notably TgM2AP (Leu), TgMIC6 (Leu), and TgMIC3 (Val). Cleavage sites
for TJAMAL and TgSPATR show some conservation, but the P2 Ala in both proteins is not
consistent with cleavage by TgCPL. Similarly, the cleavage sites of proTgMIC5 and
proTgMIC11 are very different, making them poor candidate substrates for TgCPL. We
conclude from this analysis that the best potential substrates for TgCPL are proTgM2AP,
proTgMIC3, and proTgMIC6.

Parasites deficient in TQCPL show impaired maturation of proTgM2AP and proTgMIC3

To more directly determine if T9CPL is a maturase for microneme proteins, we performed a
pulse-chase immunoprecipitation analysis of proMIC processing in WT (RH) and TgCPL-
deficient (RHAcpl) parasites (Larson et al., 2009). Consistent with a role in processing,
RHAcpl parasites showed a delay in maturation of proTgM2AP and proTgMIC3 (Fig. 6A-C,
Table 1) that significantly shifted the time at which one half of the precursor is processed to
product (T12) from ~37 min to 56 or 48 min, respectively (Table 1). That processing was
not abolished completely suggesting the existence of alternative maturases. Processing of
TgMICS5 (data not shown), TgMIC6, or TJAMAL was not affected in RHAcpl (Fig. 6D-E),
indicating the absence of a global effect on microneme protein trafficking or function. Since
TgM2AP and TgMIC3 both contribute to cell invasion (Huynh et al., 2003; Cerede et al.,
2005), we assessed the invasion proficiency of RHAcpl parasites using a differential staining
assay capable of distinguishing extracellular attached parasites from intracellular invaded
parasites (Huynh et al., 2003). These experiments showed that RHAcpl parasites are 50-60%
less invasive than RH (Fig. 6F). While it is unclear whether this invasion phenotype is due
entirely to the defects in TgM2AP and TgMIC3 maturation, the finding is consistent with
previously observed synergistic effects of deficiencies in multiple microneme proteins
(Cerede et al., 2005).

rTgCPL processes rproTgM2AP at the correct cleavage site in vitro

To determine if TgCPL can correctly execute proTgM2AP maturation in vitro, we incubated
rTgCPL with rproTgM2AP in buffers of increasing pH and examined products of the
reaction over time (Fig. 7A). As expected of a cathepsin protease, rTgCPL processing of
rproTgM2AP did not occur at neutral pH but was most evident at pH 5.5-6.5. Similar results
were seen for autocatalytic activation of r100TgCPL (Fig. S4). The TgM2AP proteolytic
product comigrated with a recombinant TgM2AP product (rTgM2AP) that mimics mature
TgM2AP, suggesting that cleavage occurred at or near the correct processing site. This was
confirmed by N-terminal microsequencing of the product, yielding the sequence T-F-L-E-D,
which is identical to that of mature TgM2AP isolated from parasites (Fig. 5C) (Rabenau et
al., 2001). These findings establish that TgCPL is capable of processing TM2AP in a low
pH dependent manner at precisely the same cleavage site used in vivo.

Maturation of TQCPL and its substrates are differentially sensitive to pH agonists in vivo

Having confirmed that rTgCPL activity requires low pH in vitro, we next used pH
modulating treatments to test whether processing of native TJCPL and the substrates
proTgM2AP and proTgMIC3 is also pH dependent in vivo. Extracellular parasites were
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pretreated with increasing concentrations of bafilomycin Al (a specific inhibitor of
vacuolar-type H(+)-ATPase) or chloroquine (a weak base that neutralizes acidic organelles)
and subjected to pulse-chase immunoprecipitation. Without treatment, processing of
proTgCPL (50 kDa) to TgCPL (30 kDa) proceeded with T1/, ~30 min and was mostly
complete by 60 min (Fig. 8A). Interestingly, proTgCPL processing was largely resistant to
bafilomycin Al or chloroquine treatment, with inhibition seen principally at the highest
concentrations tested (500 nM and 150 u«M, respectively). Intermediate processed forms of
TgCPL (48 kDa and 32 kDa) were seen, indicating that proTgCPL undergoes at least three
processing steps during maturation. In contrast, maturation of proTgM2AP and proTgMIC3
was much more sensitive to treatment, with complete inhibition at concentrations ~10-fold
lower than for TQCPL (Fig. 8B). Thus, although processing of proTgCPL and its substrates
both require low pH (see also Fig. S6), they are differentially sensitive to pH antagonists.

To determine if the pH antagonists bafilomycin and chloroquine affect morphology of the
VAC and LE, we treated extracellular parasites with increasing concentrations of these
compounds and subjected them to IFA analysis. The Golgi was visualized by detection of
TgGRASP-mRFP as control and to determine the polarity of the parasites. Consistent with
the previous findings, without treatment the VAC and LE are located in the apical end of the
parasites; the VAC is round, and the LE shows a discrete pattern confined to one or two
punctuate structures (Fig. 8C-D, upper panels). However, when the parasites where
pretreated with chloroquine or bafilomycin Al at the same range of concentrations used
above, the sizes of the VAC and LE increased (Fig. 8C-D, middle and lower panels; Fig.
S7A-B). Additionally, treatment with 150 xM chloroquine appeared to cause dispersal of the
LE into smaller structures seen at both ends of the parasites (Fig 8D, lower panel; Fig. S7B).
Although we cannot rule out indirect effects of the treatment, the observed morphological
changes could be due to disruption of pH-dependent physiological processes within the
VAC and LE including the activities of ion transporters and water channels, both of which
are associated with these compartments (Miranda et al., accompanying article). In contrast,
the size and shape of the parasite Golgi remained unchanged at all drug concentrations
tested (Fig. 8C-D). Together, these findings suggest that the TgCPL-associated endosomal
compartments are acidified, which is consistent with pH sensitive processing of proMICs
and proTgCPL therein.

TgCPL and proTgM2AP encounter each other discretely within the endocytic system

To further test whether processing of proMICs occurs within the endocytic system, we next
examined the distribution of TgCPL and proTgM2AP during and after replication. The
series of images in Figure 9A shows that during G1 phase proTgM2AP is mainly
concentrated in the LE and a small amount of the precursor colocalized with TQCPL at
specific areas of the VAC (arrow). In S phase, proTgM2AP is distributed in a
tubulovesicular pattern and small areas of overlap with TgCPL are still evident (arrows).
Interestingly, during mitosis (data not shown) when the VAC is fragmented, the level of
proTgM2AP decreased and was no longer detectable until cytokinesis where proTgM2AP is
associated with a LE compartment in closed association with the VAC. It is unclear whether
the transient disappearance of proTgM2AP is due to an interruption in its synthesis or an
increase in the efficiency of processing to mature TgM2AP. Extracellular parasites showed a
similar pattern as G1 parasites with small areas of TgCPL and proTgM2AP colocalization.
Cryoimmunoelectron microscopy revealed that T9CPL (10 nm gold) along with
proTgM2AP (5 nm gold; Fig. 9B) or TgM2AP (5 nm gold; Fig. 9C-E) co-inhabited electron
lucent structures where they were associated with internal electron dense material at the
periphery. Micronemes, identified based on their size and shape, were often seen adjacent to
these structures (Fig. 9B, D, and E). Although some of these lucent structures showed
internal vesicles similar to those of the VAC, this does not exclude the possibility of them
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being the LE. Indeed, in some examples two TgCPL labeled structures were seen (Fig. 9E)
with the structure on the left containing TgM2AP and some TgCPL, consistent with the LE,
and the structure on the right containing little or no TJM2AP and substantially more TgCPL,
indicative of the VAC. Interestingly, micronemes are seen adjacent to the putative LE, with
the most proximal micronemes containing both TgM2AP and TgCPL and the distal
micronemes in the upper portion of the image containing principally TgM2AP. This is
suggestive of TgCPL entry into nascent micronemes before being recycled back to the
endosomal compartment (LE or VAC).

Discussion

We show that T. gondii cathepsin L-like protease, TgCPL, is associated with endocytic
organelles, including most prominently a VAC that is distinct from other well known apical
organelles of T. gondii. Given is location proximal to the LE marked by TgRab7 and
TgVPL1, it is reasonable to consider that the VAC is the T. gondii equivalent of a lysosome or
lytic vacuole. Few studies have attempted to identify lysosome-like organelles in this
parasite, and the findings are varied. Norrby et. al. (Norrby et al., 1968) showed that acridine
orange, a fluorescent dye that accumulates in acidic structures, labels small vesicular
structures within extracellular and intracellular parasites. The same study showed the
presence of multiple black spots in intracellular tachyzoites stained with the Gomori
technique for lysosomes, and that these structures increased with time after invasion.
However, using the acidotropic agent DAMP and electron microscopy, Shaw et. al. (Shaw et
al., 1998) failed to detect a lysosomal-like compartment. This study did, however, suggest
that pre-rhoptries and mature rhoptries are acidic and this, along with a series of studies by
Keith Joiner's group (Hoppe et al., 2000a; Hoppe et al., 2000b; Ngo et al., 2003), led to the
idea that rhoptries are secretory lysosomes (reviewed in Ngo et al., 2003). Our findings
along with those of Miranda et al (accompanying article) strongly suggest that T. gondii has
an endolysosomal system that includes at least one typical lysosomal protease, TgCPL.

We also showed that the VAC is a dynamic organelle that undergoes a cell cycle dependent
fragmentation process. This phenomenon is reminiscent of the inheritance mechanism used
bySaccharomyces cerevisiae to actively distribute organelles into the budding cell. Early in
the yeast cell cycle a portion of the mother cell organelles, including the vacuole,
mitochondria, the endoplasmic reticulum (ER), late-Golgi elements and peroxisomes are
actively transported to the budding daughter cell (reviewed in (Weisman, 2006)). We show
that tubulovesicular projections from the VAC appear immediately before daughter cell
formation. With the current view it is not possible to distinguish whether the small TgCPL
positive structures are migrating into the new daughters or are instead moving toward the
posterior end of the mother cell to possibly function in catabolism of proteins in the residual
body. It is also not clear if the organelle fragmentation and movement is part of a regulated
mechanism to modulate and coordinate the function of the VAC with the cell cycle of the
parasite. Gaining further insight into the dynamics of VAC fragmentation will require new
markers of the VAC suitable for fluorescent tagging and live cell visualization during
intracellular replication.

Huang et. al. also partially characterized TgCPL (Huang et al., 2009). Our findings extend
this work by showing that TQCPL occupies the internal periphery of the VAC, and that it
contributes to the maturation of proMICs during trafficking to the micronemes. Whereas the
previous report found that recombinant TgCPL is most active at pH 6.0-6.5 (Huang et al.,
2009), we our findings indicate its activity is maximal at pH 5.5. This may reflect the use of
different substrates since Huang et. al. used a synthetic peptide substrate while we used
proteinaceous substrates including rTgCPL itself (autoactivation) and rproTgM2AP. Huang
et. al. also found that rTgCPL cleaves a substrate with P2 Leu approximately two times
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better than Phe, and they suggested this was due to Asp216 creating a relatively shallow S2
binding pocket based on a structural homology model of TgCPL (Huang et al., 2009).
However, the recent reported crystal structure of TgCPL (Larson et al., 2009) showed that
Asp216 does not impinge the S2 binding pocket, which is consistent with our finding that
substrates with a P2 Leu or Phe are cleaved approximately equally well, albeit with some
distinctions due to preferences a the P3 position. The source of the recombinant enzyme, P.
pastoris (Huang et al., 2009) or E. coli (current study), might also influence the catalytic
properties of rTgCPL.

Proteolytic maturation is a common feature of regulated secretory pathways. We provide
multiples lines of evidence for TgCPL acting as a maturase for at least two microneme
precursor proteins, proTgM2AP and proTgMIC3, within a regulated secretory pathway of T.
gondii. This notion is further supported by the preference of TgCPL for P2 Leu and other
hydrophobic residues, which is consistent with the propeptide cleavage sites of several
proMICs, and the correct processing of rproTgM2AP by rTgCPL. TgCPL is expressed in
bradyzoites along with TgM2AP and TgMIC3 (Fig. S2B-C), thus it also has the potential to
act as a maturase in encysted, chronic stage of the parasite. However, maturation of
TgM2AP and TgMIC3 was not completely abrogated in the RHAcpl strain, indicating that at
least one additional maturase is capable of processing these substrates. Accordingly, we
found that treatment of RHAsub1 parasites with PMSF or subtilisin inhibitor Il impair
processing of proTgMIC3 (Fig. S8), implying the involvement of an additional subtilisin-
like enzyme. Moreover, that TQCPB has very similar substrate preferences to TgCPL could
hint to it being responsible for the residual maturation of TgM2AP in RHAcpl parasites.
TgCPB has been reported to occupy the rhoptries and act as a maturase for rhoptry proteins
(Que et al., 2002), hence it probably also traffics through the endolysosomal system where it
could encounter microneme substrates. However, treatment of RHAcpl parasites with the
cathepsin B inhibitor CA074Me did not affect the maturation of proTgM2AP or proTgMIC3
(data not shown), thus additional experiments will be necessary to clarify the involvement of
TgCPB. Maturation of TgMIC6, TgMIC5, TJAMAL, and was not affected in RHAcpl
parasites, providing further evidence of distinct maturases.

To correctly process proMIC substrates without unwanted degradation, TgCPL zymogen
activation and protease activity are probably regulated at several levels. We show that the
autocatalytic processing of proTgCPL and the maturation of at least two proMICs
(proTgM2AP and proTgMIC3) are both pH dependent, albeit in a distinguishable manner.
The differential sensitivity to pH antagonists could indicate that TJCPL zymogen activation
occurs in a distinct compartment from that of proMIC maturation, thereby segregating these
events as a first level of regulation. Moreover, pH modulation by vacuolar H*-ATPases or
other types of proton pumps could be an important secondary factor governing proMIC
maturation by TgCPL as well as the activity of alternative maturases. Whether the vacuolar
H*-ATPase-positive structures associated with the VAC (Miranda et. al., accompanying
article) are involved in proMIC processing will require further investigation. TJCPL activity
might be controlled at a third level by segregation of the protease within intralumenal
vesicles of endosomes. It is well established in several eukaryotic systems that
multivesicular endosomes like the VAC are dynamic organelles that use intralumenal
vesicles to partition storage, recycling, and sorting functions from degradative activities
(Woodman et al., 2008). Finally, regulation could be governed by allowing only limited
amounts of TgCPL access to proMICs in the processing compartment. The low levels of
TgCPL in the LE during microneme biogenesis are consistent with this notion. Stringent
regulation would help avoid inappropriate processing or degradation and favor limited
proteolysis of proMICs and possibly other substrates.
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Our findings imply that the endocytic and exocytic pathways converge in common
intermediate compartments for the biogenesis of the micronemes, and possibly other apical
organelles. The hypothetical model depicted in Fig. 10 illustrates that after being
synthesized in the ER microneme proteins are routed through the Golgi apparatus and
transported to micronemes via a series of post-Golgi endosomal compartments including the
EE, LE, and possibly the VAC. Rather than the TGN being the site of regulated secretory
organelle biogenesis as in many eukaryotic cells, our model predicts that micronemes are
derived from the endocytic system, specifically the LE or VAC. The use of endocytic
organelles for exocytic trafficking is not without precedent since recent studies have shown
that recycling endosomes are used as sorting stations for the exocytosis of, for example, E-
cadherin in epithelial cells (Desclozeaux et al., 2008) and the cytokines IL-6 and TNFa in
macrophages (Manderson et al., 2007). Our model further predicts that proteolytic
maturation of proMICs mediated by TgCPL occurs within the LE and/or VAC. The
observation of TgCPL within micronemes proximal to an endosome also raises the
possibility of cleavage occurring within nascent micronemes prior to recycling of the
protease back to its cognate compartment. In any case, since microneme propeptides contain
targeting information (Harper et al., 2006;Brydges et al., 2008;EIl Hajj et al., 2008), it is
expected that these cleavable elements are removed only after they have fulfilled their role
in targeting. Precisely where and how they perform this function remains to be determined.
Future studies aimed at disabling vesicular transport at specific points in the secretory
pathway may help further elucidate the principal sites of proTgCPL and proMIC maturation.

Experimental Procedures

Parasite Culture

Expression,

T. gondii tachyzoites (RH strain, RHAcpl, and RH-EGFPcentrin2) were cultured in human
foreskin fibroblast cells and isolated as described previously (Harper et al., 2006).

refolding, and autoactivation of recombinant TgCPL

Procedures for expression, refolding, and autoactivation of recombinant TgCPL are
described in detail by Larson et. al., (Larson et al., 2009).

For the analysis of the pH-dependent activation of r100proTgCPL, purified proenzyme was
incubated with 100mM sodium acetate or 200mM MOPS buffers each containing 900 mM
NaCl, 2 mM EDTA, 5 mM DTT at pH values ranging from 4 to 8 in 0.5 pH increments.
Autoactivation proceeded at 37°C, 5 h and was terminated by addition of 5X sample buffer,
electrophoresis and staining with 0.1% Coomassie R-250.

For N-terminal sequencing of mature enzyme, 5 ug of processed and purified rTgCPL was
subjected to SDS-PAGE, transferred on to PVDF membrane, Coomassie stained, and
subjected to Edman sequencing by Midwest Analytical, Inc.

Preparation of antibodies

A synthetic peptide corresponding to TgCPL aa 296-311 (LARDEECRAQSCEKVYV) was
synthesized and coupled to keyhole limpet hemocyanin (KLH). Rabbits were injected with
200 pg conjugated peptide in Freund's complete adjuvant and boosted 4X at 2-week
intervals with 200 pg of conjugated peptide in Freund's incomplete adjuvant. Preimmune
serum and 12-week hyperimmune serum was affinity purified with the immunizing peptide
using Amino-Link™ beads (Pierce). A polyclonal rabbit antiserum against r100proTgCPL
was produced as described above. Mouse anti-r100proTgCPL was made by immunizing
mice with a single injection of 25 pg of recombinant protein with TiterMax Gold adjuvant.
RaTgCPBpep, which is a rabbit polyclonal antibody to TgCPB aa 550-563
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(PGQRAAGARAGAHA) kindly provided by Drs L. David Sibley and Antonio Barragan,
was affinity purified with the immunizing peptide as described above.

SDS-PAGE and immunoblotting

Samples were diluted in SDS-PAGE sample buffer containing 2% R-mercaptoethanol and
boiled for 5 min before resolving on 10% or 12.5% SDS-PAGE minigels and semidry-
transfer to nitrocellulose membranes, blocking with skim milk and incubating with primary
antibodies. Secondary antibodies were either goat anti-mouse- or goat anti-rabbit-conjugated
horseradish peroxidase. Blots were visualized with SuperSignal™ West Pico
chemiluminescent substrates (Pierce).

Immunofluorescence

Immunofluorescence staining was performed as described previously (Harper et al., 2006).
Images were digitally captured using a RT Spot Slider charge-coupled device camera on a
Nikon Eclipse E800 microscope at room temperature with a 100X, 1.3 NA oil objective
lens. Mowiol was used as the mounting medium. Deconvolution was performed using the
no-neighbors algorithm of Simple PCI software (Compix), and final images were assembled
using Adobe Photoshop (Adobe Systems).

Cloning and expression of HA-TgRab7

A 0.60-kb fragment encoding TgRab7 (was PCR amplified by PCR from a T. gondii RH
cDNA library (V.B. Carruthers, unpublished) using primers TgRab7.Nhe I .F (5’-
AGTCGCTAGCATGCCGCCCAAGAAGAAGGCTC- 3, Nhel site underlined) and
TgRab7.Pacl.R (5’ ~AGTCTTAATTAATCAGCAGCAGCCGCCGC- 3’, Pacl site
underlined) and Expand™ High Fidelity enzyme mix (Roche). The amplicon was gel-
purified using a Qiagen gel extraction Kkit, initially ligated into pGEM-T Easy Vector and
transformed into DH5a. E. coli strain. Clones were sequenced in both directions and digested
with the restriction enzymes Nhel and Pacl.

For T. gondii expression, the TgRab7 cDNA was ligated into Nhel and Pacl digested
pTgRab51HA construct (Robibaro et al., 2002), which provided an in-frame HA tag at the
N-terminus, thereby generating pHA-TgRab7. Transient transfections were performed to
express HA-TgRab7 in RH strain parasites. For each transfection 75 pug of DNA was used,
and immunofluorescence analysis was performed 24 h after transfection.

Metabolic labeling and immunoprecipitation

Freshly lysed tachyzoites were harvested and resuspended in Met/Cys-free DMEM
containing 10 mM HEPES pH 7.0, and 2 mM L-GIn. Parasites were preincubated 15 min,
RT with solvent control (DMSO) or drug (bafilomycin A, or chloroquine) then pulsed-
labeled with 300 pCi [3°S] Met/Cys (Amersham Redivue Pro-mix) for 10 min, 37°C and
chased in unlabeled medium with 5mM methionine, 5 mM cysteine, and drug for the
indicated times. Parasites were washed with medium, resuspended in 0.8 ml RIPA buffer
(50 mM Tris pH 7.5, 100 mM NaCl, 5 mM EDTA pH 8.0, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.2% SDS, 10 pgml-1 RNase A, 20 pgml-t DNase I, and protease inhibitors),
incubated 30 min, 0°C, and insoluble material was removed by centrifugation (13,000 rpm,
10 min, 4°C). Antibodies to MIC proteins or TJCPL were incubated with 400 pl of extract
for 1 h, 4°C with gentle rocking, followed by addition of 100 pl 10% (v/v) slurry of protein
G-sepharose beads, and 1 h incubation, 4°C with gentle rocking. Immune complexes were
washed four times with 1ml RIPA buffer before boiling in SDS PAGE sample buffer
containing 2% R-mercaptoethanol, separation by SDS-PAGE, incubation in fluorographic
enhancer (Amplify™, Amersham), drying in cellophane, and exposure to X-ray film.
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Invasion Assays
Red-green invasion assays were performed as described previously (Huynh et al., 2003).

Expression of rproTgM2AP and rTgM2AP

A 0.68-kb fragment coding for the prodomain and N-terminal f-Sheet domain (aa 23-225)
of TgM2AP (rproTgM2AP) was PCR amplified from pET22b/proTgM2AP plasmid (KE
Rabenau, unpublished data) using forward M2AP.64.Ndel.F (5’-
GATCCATATGGCAAGGAAAGTTGGAAATCCG-3’, Ndel site underlined) and reverse
M2AP.720.Notl.R (5’-GATCGCGGCCGCACTCGGTTCCTCTCCGGC-3’, Notl site
underlined) primers and Expand High Fidelity enzyme mix (Roche). The PCR product was
gel-purified using a Qiagen gel extraction Kit, ligated into PGEM-T Easy Vector and
transformed into DH5a. E. coli strain. Clones were sequenced in both directions and digested
with the restriction enzymes Ndel and Notl.

For recombinant protein expression, the proTgM2AP-B-sheet domain cDNA was transferred
into pET22b (Novagen) using Ndel and Notl enzyme restriction sites and transformed into
competent E. coli BL21(DES3) cells (Stratagene) along with pET22b/TgM2AP (consisting of
the R-sheet domain alone; Harper J, unpublished data). Stationary phase bacterial cultures
were diluted 1:20 in 100 ml of prewarmed Terrific broth supplemented with ampicillin (100
ugml-1), and grown to mid-log phase. Expression was induced with 0.5 mM IPTG, 3 h and
recombinant proteins were purified essentially as described above. Positive fractions were
pooled and concentrated and buffer exchanged into 20 mM TrisHCI pH 8.0 using a spin
concentrators (AMICON ULTRA-15; Millipore).

Processing of rproTgM2AP-B-sheet domain by rTgCPL

To evaluate processing, 30 ul reactions containing 400 ng of rproTgM2AP and 40ng of
rTgCPL were incubated in 100 mM sodium acetate or 100 mM MOPS buffers as described
above. Reactions were stopped by addition of 7.5 ul of 5X SDS-PAGE sample buffer and
analyzed by immunoblotting.

For N-terminal sequencing of the mature TgM2AP product, 20 pg of rproTgM2AP and 400
ng of rTgCPL were incubated with 100 mM sodium acetate buffer containing 900 mM
NaCl, 2 mM EDTA, and 10 mM DTT pH 5.5 at 37°C for 5 min (300 pl final volume). E64
(100 pM final) was added to stop the reactions, and the sample was concentrated to 50 pl,
run on SDS-PAGE, transferred on to PVDF membrane, and Coomassie stained. The
TgM2AP product band was excised and subjected to Edman sequencing as above.

In vitro bradyzoite differentiation

Fibroblasts were infected with ME49 or Pru strain tachyzoites in MEM without NaHCO3
but containing 25 mM HEPES and incubated in low CO, (0.03%) for 3 to 5 days (Matrajt et
al., 2002). Infected monolayers were fixed with 4% paraformaldehyde, permeabilized in
0.1% Triton X-100 for 15 min, and blocked with 10% FBS for 30 min. Primary antibodies
were diluted in PBS containing 1% FBS/1%NGS and incubated for 1h. Secondary
antibodies (AlexaFluor 488 goat anti-mouse or goat anti rabbit) were incubated for 1 h
before washing three times, rinsing with PBS, and mounting. The bradyzoite cyst wall was
labeled with TRITC-conjugated Dolichos biflorus lectin.
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Fig. 1. TgCPL occupies a novel apical organelle

A. TgCPL localization in formaldehyde fixed RH parasites by immunofluorescence using
MaTgCPL showing that TgCPL occupies a single apical localization in extracellular (i) and
newly invaded parasites (ii). In contrast, TQCPL showed a punctate distribution in
tachyzoites undergoing intracellular replication (iii).

B. Dual staining of TgCPL with previously defined exocytic and endocytic markers.
Parasites were stained with antibodies to TJROP2 (rhoptries), proTgROP4 (prerhoptry),
TgGRASP-mRFP (Golgi cisternae), TgDrpB (cytoplasmic aggregate), TJAMA1L
(micronemes), or TgRab51HA (EE). For the parasite illustration, the cytoplasm and
pellicular membranes (plasma membrane and inner membrane complex) are shown in
shades of green, DNA containing structures (nucleus and apicoplast) are blue, the early
exocytic pathway (ER and Golgi) is shown in shades of purple, the endocytic system (EE,
LE, and VAC) in shades of pink, and the late exocytic system in shades of orange-yellow.
Scale bar, 2um.
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Fig. 2. The VAC is juxtaposed to the LE, which contain proTgM2AP and TgVP1

A. RH parasites were transiently transfected with a plasmid expressing the LE marker
TgRab7HA and intracellular parasites were fixed and processed for IFA 24 h post-
transfection.

B. Dual staining of TgCPL and TgVP1 in extracellular tachyzoites. TQCPL is concentrated
in the VAC along with some TgVP1 (arrowhead) in most parasites. TgVP1 additionally
occupies sites that are often adjacent to the VAC and in some cases also contain a minority
population of TQCPL (arrow). Scale bar, 2 mm.
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Fig. 3. Ultrastructure of the VAC

Extracellular tachyzoites were immunolabeled with MaTgCPL antibodies before incubation
with 10 nm protein A-gold particles.

A. A globoid VAC surrounded by a single membrane containing TgCPL is observed in the
apical area enriched in micronemes (Mi) and rhoptries (R). Magnifications (A’, A’’) reveal
the presence of intraluminal vesicles with dense core material.

B and inset. Internal vesicles delineated by a double membrane (arrow) are visible that may
be the result of engulfment of an incoming vesicle by the VAC.

C and C’. Deep invaginations of the VAC limiting membrane.

D. Outward deformation of the multivesicular endosomal membrane.

E. Tubulovesicular structures decorated by TgCPL may either result from the budding of the
limiting membrane of the VAC or correspond to endosomal tubules fusing with the VAC.
Scale bars are 200 nm, except 100 nm in inset in C.

Mol Microbiol. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 19

< Cytokinesis

= 1, Small
40 = >1, Small
Enlarged
== Fragmented
30 Daughters

% Population

b AX )

ol —L—L %é_
0 1 2 3 4 5 6 7 8 9

Time post-invasion (h)

Fig. 4. Dynamic fragmentation of the VAC during intracellular replication

TgCPL distribution during intracellular replication was studied by staining EGFP-Centrin2
expressing parasites with RaTgCPL and MaGFP (to enhance the signal) (A-G) or RH
parasites with MaTgCPL and RaTgIMC1 (H-L). Infected host cells were fixed at 1 h
intervals 1-8 h post-invasion. The apical end of the parasite is indicated with an arrowhead
and the centrosome is marked with an asterisk.

A’, F’, H’, J” and K’. Cryoimmunoelectron micrographs of MaTgCPL immunogold (10
nm) staining of intracellular tachyzoites in different stages of endodyogeny. Apicoplast, A;
Golgi, Go; Rhoptry, R; Microneme, Mi; Nucleus, N, Parasitophorous Vacuole, PV; Residual
Body, RB; VAC, black arrowhead; Apical tip of the parasites, white arrowhead. See text for
descriptions. Scale bars, 200 nm.

M. Quantification of TgCPL staining patterns during parasite replication. Data shown are
the combined results of three independent experiments.
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Fig. 5. rTgCPL cleavage specificity is consistent with the propeptide cleavage site of several
proMICs

A-B. Mapping P2 and P3 cleavage specificities of TgCPL and TgCPB. rTgCPL and rTgCPB
(10 nM each) were screened against a Ala-P3-P2-Arg-ACC peptide substrate library (10uM)
with all possible combinations of natural amino acids (except Cys) at the P2 and P3
positions (Salisbury et al., 2002; Gosalia et al., 2005). Initial rate velocities were measured
by fluorescence in 384-well plates and are displayed as a heat map with color intensity
indicating the rate of cleavage. Note that the strong preference of rTgCPB for P3 Pro might
not be accurately indicated for peptides also having a highly preferred P2 residue (Phe, Leu,
Val) because these reactions may have proceeded so quickly that they reached plateau phase
before values could be measured. The experiment was performed three times with consistent
results.

C. Alignment of the r100proTgCPL autocleavage site with the propeptide cleavage sites of
proMICs. Sequences were manually aligned (without gaps) with respect to the principal
propeptide cleavage site (large arrow). A minor cleavage site of rL00proTgCPL is also
shown (small arrow). ldentical residues within each group are shown in black boxes and
similar residues are shown in grey boxes. Similar amino acids were classified as: non-polar
(G, AV, L, M, I); aromatic (F, Y, W); polar, uncharged (S, T, C, P, N, Q); polar, positively
charged (K, R, H); or polar, negatively charged (D, E). TgMIC11 has an internal propeptide
that is excised by two cleavage events at site 1 and site 2 (Harper et al., 2004). Protein
domains are as follows: EGF, epidermal growth factor; Dom. I, domain I; Dom. I, domain
I, Dom. I11, domain I1l; CBL, chitin binding-like; TSR, thrombospondin repeat; Cys,
cysteine protease. Transmembrane anchors are illustrated as black rectangles. Domain
structures of TgMIC5 and TgMIC11 are unknown since they lack homology to other
proteins. The P2 position of the proMIC propeptide cleavage sites is marked with an asterisk
to indicate the highest level of conservation. Cleavage sites were defined in the following
studies: TJM2AP (Rabenau et al., 2001), TgMIC6 (Opitz et al., 2002), TJAMAL (Howell et
al., 2005), TgMIC3 (Garcia-Réguet et al., 2000), TgSPATR (Kawase et al., 2007),
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r100proTgCPL (present study), TgMIC5 (Brydges et al., 2000), TgMIC11 (Harper et al.,
2004).
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Fig. 6. TgCPL-deficient parasites show impaired maturation of proTgM2AP and proTgMIC3,
and are defective in cell invasion

A. Pulse metabolically labeled RH or RHAcpl parasites were either kept on ice (0 min) or
chased with medium containing unlabelled Met/Cys for the indicated times. MIC proteins
were immunoprecipitated and analyzed by SDS-PAGE and autoradiography. Arrows
indicate positions of the immature (upper) and mature (lower) forms of each MIC protein.
B-E. Quantification of MIC maturation in RH (squares) and RHAcpl (circles) parasites is
shown. Values are meanzs.d. of three (TgMIC6, TJAMAL), five, (TgMIC3), or six
(TgM2AP) experiments and were calculated as described in figure legend 4.

F. RHAcpl parasites are less invasive than RH parasites. Parasites were allowed to invade
HFF cells for 30 min prior to fixation. Extracellular parasites were stained with RaTgSAG1
before permeabilization and staining of intracellular parasites with a monoclonal antibody to
TgSAGL.
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Fig. 7. rTgCPL correctly processes rproTgM2AP in a low pH dependent manner

A. Immunoblot probed with rabbit a-His tag showing a pH dependent TgM2AP propeptide
cleavage mediated by rTgCPL. Affinity purified rproTgM2AP (400 ng) was incubated with
rTgCPL (40 ng) at each pH value for the indicated times at 37°C. Note the low pH and time
dependent production of a band that comigrates with rTgM2AP.
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Fig. 8. In vivo maturation of proTgCPL and proTgM2AP are differentially sensitive to pH
antagonists

A. Representative autoradiographs showing inhibition of processing in parasite treated with
pH-altering substances. RH parasites were pretreated for 15 min with the indicated
concentrations of bafilomycin Al or chloroquine before pulse labeling with [3°S] Met/Cys
for 10 min, chasing for the indicated times, and immunoprecipitation with Rar100TgCPL.
Asterisks indicate intermediate processed forms (48 kDa and 32 kDa) of proTgCPL.

B. Same as A except immunoprecipitations were performed with RarTgM2AP and mAb
T4.2F3 against TgMIC3. Molecular weight markers are expressed in kDa.

C. Bafilomycin Al and chloroquine induced enlargement of the VAC. Representative
immunofluorescence images showing TgCPL localization in RH parasites expressing
TgGRASP-mRFP after treatment with pH antagonists. Parasites were treated with DMSO
(upper panel); 500 nM bafilomycin Al (middle panel); or 150 uM chloroquine (lower panel)
for 15 min at RT, and then incubated for another 1h at 37°C.

D. Bafilomycin Al and chloroquine induced swelling and disassembling of the LE.
Representative immunofluorescence images showing TgVP1 localization in RH parasites
expressing TJGRASP-mRFP after treatment with DMSO (upper panel); 500 nM
bafilomycin Al (middle panel); or 150 uM chloroquine (lower panel) as described above.
Arrowheads indicate the apical end of the parasite.
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Extracellular Cytokinesis

Fig. 9. TgCPL and proTgM2AP encounter each other in microdomains along the endo/exocytic
pathway

A. Dual staining of TgCPL and proTgM2AP during daughter cell formation was studied in
fixed intracellular (G1, S, M) or extracellular (E) RH parasites by double
immunolocalization using MaTgCPL and RaproTgM2APpep. TgCPL and proM2AP are
located on adjacent dynamic compartments with small areas or microdomains where the
overlap is evident at different stages of daughter cell formation. Arrows indicate the areas
where small amounts of TgCPL have access to proTgM2AP. The inset is a higher
magnification of the region indicated by dotted frames.

B-E. Double cryoimmunoelectron microscopy of extracellular tachyzoites immunolabeled
with anti-TgCPL (revealed with protein A-gold particles of 10 nm), and anti-proTgM2AP
(C; 5 nm gold) or anti-TgM2AP.

D, E, and F. (5 nm gold). Arrows pinpoint the co-distribution of TgCPL and proTgM2AP.
Also note the concentration of micronemes (Mi) containing TgCPL and TgM2AP around
the VAC (panels E and F). Scale bars are 100 nm.
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Fig. 10. Hypothetical model of trafficking and maturation in the endo/exocytic pathway

A. The model indicates that MIC protein complexes are synthesized in the ER before
transiting through the Golgi apparatus and a series of post-Golgi endosomal compartments
including the EE, the LE, and possibly the VAC. Rather than the TGN being the sorting
station from where the budding of immature secretory granules primarily occurs as in higher
eukaryotes, our model proposes that micronemes are formed by budding from an endocytic
compartment, either the LE or the VAC. Dashed lines indicate possible alternative routing of
proTgCPL from the ER or Golgi to the VAC.

B. The model further proposes that proteolytic maturation of proMICs mediated by TgCPL
and other proteases occurs within these compartments and possibly also in nascent
micronemes. Acidification of the intralumenal environment of both compartments could be
an important endogenous factor modulating the autoactivation of proTgCPL and limited
proteolysis by TgCPL or alternative maturases.
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